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I CAPTURE CROSS SECTION AND GAMMA-RAY SPECTR~ CALCULATIONS FOR MEDIUM-WEIGHT NUCLEI*
~:

N. A. Gardner and D. G. Gardner
Lawrence Livermore Laboratory

Livermore, CA 94550, USA
ii

We have applied a double-peak, energy-dependent Breit-Wfgner model of the El gamma-ray
strength function to nuclei from As to Rh, to predict their neutron capture cross sections
and capture gamaa-ray spectra. We fnund that a coneistecttset of model parameters could be
obtained in this mass region to describe the step in the low-energy tail of the El strength
function. This step allows: (a) agreement with photonuclear data at high energies, (b) the
correct ~y to be obtained for agreement with neutron capture cross-section data, and (c) the
calculation of the observed hardness in the capture gamma-ray spectra. For nuclei at or near
the closed, N*5O shell, however, the modelis double-peak assumption breaks down. In these
cases, good results are still obtained if the same set of model parameters is applied except
that the El strength f~inctionis formulated’interms of the first, narrower peak.

[Calculated El y-ray strength functions, calculated u(n,y) and y-ray spectra for 75As, ‘a
103Rh, calculated u(n,~) for 89Y and gozr.1 1

Introduction

We are continuing to develop our capability to ~
calculate neutron-induced capture cross sections and
capture gamma-ray spectra for both stsble and unstable
medium-weight nuclei. Our eerlier modeling work in I

this mass regionl,-3related the El gamma-ray strength
function to the tail of the giant dipole resonance,
assuming it to be represented by a single Lorentzian
function. In terms of the claasical dipole sum rule,
it was expressed as:

EyrR
fm(Ey) = 3.3 X 10 -6? ‘SR (EyrR)2 + (B# - ERZ)Z ‘1)

where ER and rR are the energy and width of the giant
dipole resonance and FsR is the fractionof the sum
rule that is exhausted. We developed systematic for
ER and rR in cases ’where experimental data were lack-
ing.

E,= 35.4#m2 g :;
From a study of elements ranging

we adopted the expression:

?o~~~z~e~~,w~tl’ ~~?73~~.~Z)~~1Y12?r~~
The expression for the giant dipole width reproduced
the literature values to ~ 10% or better in this masa
region. To obtain values for FSR, we carried out
statistical model cslculationsl fits to available ex-
perimental neutron capture cross-section data for
12 target nuclei from 75As to 103Rh. In these calcu-
lations, we assumed only dipole transitions, an Ml
contribution to the capture width of - 15%-20%, and the
Brink-Axel energy dependence for the El transitions.
The El strength functions extracted from these fits,
when compared with those predicted by Eq. 1, yielded
values for FSR. In general, these valuea agreed quite

well with tho e inferred from total integrated photo-
neutron data,t ss shown in Fig. 1. The value of F R
was somewhat mass dependent: about 0.75 for A = 9B
and about 1.1 for A = 94. Two marked exceptions to
the general trend were the compound nuclei 76As and
lo4Rh.

Further, for both of these cases, the experimen-
tal thermal neutron capture gamma-ray spectrum was much
harder than that calculated. And while this earlier
modeling successfully predicted the magnitude of (n,y)
and (p,Y) cross sections in this region, it failed> in
‘general, to reproduce the observed hardness in associ-
ated gamm-ray spectraQ5 This was further illustrated

by the study of the gamma-ray spectra for the 93Nb(n,y)

*Work performed under the auspices of the U.S. Depart- ~
ment of Energy by the Lawrence Livermore Laboratory !
under contract number W-7405-RNG-48——.—... —.....—.——.—— —
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\reaction.3 It was found that the El
had to be modified by adding a small
5.5”MeV or by adding a steD decrease

7>Nb, and

strength function
resonance around
below 4.5 MeV or

by using different ~ombtna~ions of these two. to obtain
the harder spectra indtcated by experiment. ‘With each
❑edification the capture cross section was reproduced
equally well.

“h
●“ ●

✏
f’,rolh- c,)**

;0 * t
7s 0s w loo no 22s”

IFig.1. Ratio of f~~va~ue tat Ey=3MeV) extracted ;
from (n,y) cross-section measur&ents to that calcula-
ted with Eq. 1 VS. A (closed circles); and total, In-
tegrated photoneutron cross section4 expressed in aum
rule units vs. A (open circles).

I
I
!
! The present re-investigation in the maas 90 region
described in the following sections, makes use of the
double-peak, energy-dependent Breit-Wigner (EDBW) model
,of the El strength function as outlined in the compan-
ion paWr6 in this conference. This model is tested to

,see if a consistent aet of parameters can be obtain’ed
for this maas range which will yield a step In the low-
energy tail of the El strength function that allowa:
l(a)agreement with the photonuclear data at high ener-
lgies; (b) the correct magnitude of ry to be obtained
~foragreement with neutron capture cross section data;
~and(c) the calculation OF the observed hardness fn
/thecapture gamma-ray spectra.
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Calculational Details “ I Results for Nb, As, and Rh j

In Fig. 3 is shown the computed captura g~-ray
spectrum (solid circles) for 93Nb compared with the un-
~normalized,experimental spectrum of Orphan for thermal
neutrons (histogram).14 The calculated spectw-waa
~obtainedusing the double-peak, EDBW model of the El
,strengthfunction, with the ensrgy-dependent wfdth de-
‘scribedby Eq. 2 where Ex - 5 MeV and C = 5 MeV. The
insert shows various El strength functions for “Nb aa
‘a function of the gamma-ray energy: the short-daahed
curve is the fEl obtained using a singla-peak Lor-
entz form with the 93Nb parameters of Ref. 4; tha solid
and long-dashed curves are fE1’a obtained ustng the
present modeling. The solid curve was computed with an
ene-rgy-dependentwidth parametrized with Ex = > MeV
‘snd C - 1 MeV; the long-daahed curve with a width where
,Ex = 5 MeV and C = 10 HeV. It should be noted that
,while all three of the EDBW f~’s described (where C =
1, 5, or 10 MeV) reproduced the experimental capture
“cross-sectIondata of Poenitz15 quite well for neutron ,
lenergies of 0.3 MeV to 1.7MeV, the fEl with C - 5 MeV/

The double-peak, giant dipole parameters were com-
puted making all of the assumptions listed in Ref. 6.
This included the assumption that the inte$tratedphoto-
nuclear absorption cross section is always 1.25 times
the sum rule value. In Fig. 2 are shown tha total in-
tegrated photoneutron cross sections obtained from the
data available in Ref. 4 for V through Bi, expressed
in aum rule units. Data from both single and double
peak interpretations are included; connecting vertical
lines indidqte a range of data for the same nucleus.
One aeea that over most of the full mass range,the
relation 1.25 times the sum rute ia reasonable,
although at ’aroundA = 90 and beiow this value appears
to fall off.
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gave the best agreement with the meaaured gamma-ray ~
spectrum.
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F aA ... fFig. 2. Total, integrated photoneutro~ cross sections4
expressed in sum rule units va. A.
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width ia ex-Remembering that the energy-dependent
pressed as:

1017 1//”

(2)

●

we will aee that consistent results in this maas 90
range are obtained when E~ is 5 MeV and C ranges from
1 to 5 ?!eV. This is in agreement with the studies at
higher A values.6

The latest versions of the statistical model nu-
clear reaction codes: STAPRE7 and CONNUC8 were used.
The neutron optical model rametera.used In the Y and
Zr calculations were the 8~Y parameters of Lagrange.g
Those used for the Nb and Rh calculations were “k-
grange’s 93Nb parameters.10 The As calculations were

.1
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;Fig. 3. Comparison of Orphsn’s14 measured thermal
neutron capture gamma-ray spectrum for ‘3Nb (histogram)
with that”calculated via the double-peak, EDBW model
(closed circles). Insert compares f

P
‘a for 94Nb:

Lorentz form with parameters from Re . 4 {short-dashed
curve) and EDBW model with Ex = 5 MeV, C = 1 MeV
(solid curve), with Ex = 5 MeV, C = 10 MaV (long-dashed
curve).

carried out using the neutron parameter of Moldauer.11

Level densities were computed using the Gilbert-
Cameron formalism,lz as updated by Cook.13 The con-
stant temperature portion was adjusted to ~tch dis-
crete level input while the Fennl gas portion was ad- :
justed to yield correct Dob~ values where known. ,
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Various calculated gamma-ray spectra for 75Ae are ~

‘shown in Fig. 4, again compared with the meaaured
;

thermal neutron capture gamma-ray spectrum of Orphan I
(histogram).14 The double-peak, EDBW model (eolid
,circles) best reproduces the hardneas observed in the
spectrum, compared with the results obtained using a
Lorentz form (open circles) or a Welaskopf formulation
‘(open,invertedtriangles)of the El strengthfunction.{
The Lorentzform was computedwith one of the acts of !
the double-peak,giant dipoleparameter givenin Ref.
,4. The EDBW fEl was calculated with an energy-depend- ,
“ent width where ~ - 5 MeV and C = 1 MeV. l’hiasame ~
El strength function yielded the calculated capture
cross section (solid curve) shown in Fig. 5, in good [
agreement with the mnre recently measured data seta i
‘(shownby the solid synbola).16-20
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I ‘Fig.5. Thecalculated(n,y)crossaectiomfor75AS !
(solid curve) compared with recent measurementa16-20
(solid symbols).
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Fig. 4. Comparison of 0rphsn’a14 meaaured thermal
zeutron capture gamma-ray spectrum for 75As (histogram)
,with calculations: double-peak, EDBW model (closed
circles), Lorentz form (open circles) and Weisskopf
“form (inverted triangle).
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In Fig. 6a is shown the computed neutron capture
cross section for 103Rh (solid curve) obtained with the
present modeling of the El strength function. Again
the energy-dependent width was described with E= - 5
HeV and C = 1 MeV. The calculated cross section is in
good agreement with the data of Macklin U. (Aolid
triangles, both upright and inverted)17*21 and the data
of Joly’et al. (solid squares).22 In Fig. 6b the cal-
ulated gamma-ray spectrum (solid hexagons) is compared
with the measured thermal neutron capture gamma-ray

spectrum of Orphan (histogram).14 The double-peak,
EDBW fEl, as described, was used in the spectrum ca~cu-
lation and reproduces the observed hardness reasonably ,

i,
I 1 t f 1

i
1 ! I t r 1.

t
I o 2
i 4E7(MeV)6

8

1

“Fig. 6. a) Comparison of the calculated (n,y) cross
section for 103Rh (solid curve) with measurements of
,Macklin et al.17~21 (triangles) and of JoIy et S1.22
(squares). b) Calculated thermal neutron capture
gain-ray Spectnm for l~3Rh (solid hexagons) cOmpSred

:with Orphan’s measurement~4 (histogram).
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Results for Y and Zr .. J

It appears that In the caae of nuclei at or near
the closed neutron shell, N = 50, the assumptionbreaks;
down that these nuclei can still be treated to some ex-
tent aa prolate spheroids and that their El strength
functions can be described by two, supe~impoeed giant
dipole resonances. Our studies so far, for nuclei with
N = 50 and 51, indicate that the double-peak, EDBW
model overestimates the El strength function by a fac-
tor of two or more at come energiee. This leads to
neutron capture cross-section calculations that are too
high.

In these cases, we do find that if all assumptions
and systematic as described6 are still used but that
only the first, narrower resonance is employed to com-
pute the energy-dependent Breit-Wlgner El strength
function, reasonable results are obtained. Thie may be
seen in Fig. 7. Here is shown the single-peak, EDBW El
strength function (solid curve) as it variea with the
gamma-ray energy compared with experimental measure-
mentsand with data inferred from photoneutron experi-
ments. The measured f

B
values are those of Axel

et al. (solid circles) and of Szeflinaka et al.
=clrcles),24 while the dashed curveew~b-
tained from Lorentz formulation using the resonance
parameter sete in Ref. 4. Again, using the single_
peak EDBW model to calculate the capture crose section
for ~9Y and 9oZr. the results shown in Fig. 8a and 8b
are obtained. B&h of the computed cross-eectlons
(solid curves) resulted from fgl’s with energy-depend-
ent widths where Ex = 5 MeV and C = 1 MeV. The calcu-
lated cross sections are in good a reement with the

% ,25-30varioue sets of experimental data.

169 , I , 1 , 1 * I , 1 I 1

2 4 6 8 10 12 u
E7(MoV)

Fig. 7.” Comparison of the single-peak, EDBWEl
strengthfunctionfor90Zrvs.E~ (solidcurve)With
measurementsof Axelet al.23 (solidcircles)andof
Szeflinskeet al.24(opencircles);Lorentzform with
parameter from Ref. 4 (dashed curves).
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,Fig.8. The calculated (n,y) croes sections for 89T
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